Introduction
The advent of the nanotechnology revolution brings with it a host of new potential health issues that may ensue following exposure to intentionally engineered materials, i.e., those materials that are designed to serve a particular technological function. New metal oxide nanomaterials are being developed for a wide range of novel applications. Nanoscale lanthanide (rare earth) oxides are currently used as catalysts for automobile exhausts. Cerium oxide is used in conjunction with iron for this purpose, serving an enormous market and introducing potential hazards for the environment and human health during manufacture or use. Nanoscale cerium oxide is also a very attractive high-surface-area catalyst for fuel cell applications. Kang and Wang (2003) have shown that it is possible to use cerium, terbium, and praseodymium oxide nanoparticles to produce H 2 for solid oxide fuel cell applications; this is a market that can be expected to grow significantly, leading to environmental dispersion of these materials as they are used and eventually discarded. Lanthanide oxides are used widely as phosphors for displays; nanoscale oxides of terbium, europium, samarium, etc. find application in solid-state lighting, another potentially huge market. The lanthanide oxides are also useful as nanoparticle labels in biology, providing some benefits over the more widely known quantum dot materials of CdSe and ZnS. As an example, it has been shown that it is possible to carry out highly sensitive immunoassays using Eu and Tb oxide nanoparticles (Feng et al. 2003; Kennedy et al. 2004) for monitoring toxins in the environment.
Zinc oxide (ZnO) and tin oxide (SnO 2 ) have attracted a great deal of recent interest. These materials are semiconductors that exhibit a range of very useful properties. ZnO exhibits piezoelectric behavior (Zhao et al. 2004) , and both ZnO and SnO 2 are used in materials for photo catalysis (Akurati et al. 2005) . Tin oxide is also used in transparent and heat reflective coatings for displays and solar cells (Hall et al. 2004) . These materials have a conductivity that changes as molecules absorb on their surfaces, so they are used as solid-state gas sensors (Comini et al. 2002; Sahm et al. 2004) . New synthesis methods for ZnO and SnO 2 are offering a range of novel morphologies, including nanobelts, nanorings, nanowires, and nanosprings with new functionalities (Comini, Faglia, Sberveglieri, Pan, and Wang 2002; Wang et al. 2004; Wang 2003; Wang 2004a; Wang 2004b) . In order to be optimal gas sensors, these materials typically have a very large surface area. Their large surface area may also have an impact on their toxicity when mass is used as a measure of dose.
Iron oxide is a material that is finding new applications in nanotechnology due to its magnetic properties. The two most common forms of iron oxide for magnetic applications are Fe 3 O 4 (magnetite) and -Fe 2 O 3 (maghemite). These oxides of iron are used for magnetic recording media and in ferrofluids (Ozaki 2004) . Super-paramagnetism is observed in magnetite particles of size <15 nm; it is a desirable property for several widely discussed biomedical applications, including as a contrast agent for magnetic resonance imaging (Thorek et al. 2006) , targeted drug delivery, hyperthermic cancer treatment (Sunderland et al. 2006) , and bioassays (Osaka et al. 2006) . Nanomaterials can be produced by a variety of methods: Solution synthesis is perhaps the most common method and provides the greatest control over particle size; gas-phase methods are more amenable to scale-up to larger production rates but typically do not provide the same control over particle size. Commercialization of nanotechnology will require some degree of scale-up to the economics of the marketplace. It is quite possible that some of the gas-phase methods will become more prevalent as time goes on. The large-scale production of nanomaterials has, of course, been a major industry for many years. Companies such as Cabot in the United States, for example, have produced very large amounts of fumed silica and titania for many years. The large-scale production of new materials poses unknown potential health risks. In particular, it seems that the greatest risk of exposure is probably in an occupational setting to workers in the nano industry.
The unintentional release of nanoscale metal oxides has taken place for many years. Metal smelters are major stationary point sources of metal oxides. Metal oxide nanoparticles have been emitted by mobile sources such as diesel engines for decades. The presence of metals and their oxides in association with diesel particulate matter is well established. Typically, iron is the most abundant of the transition metals in ambient aerosol. High-temperature combustion processes, including vehicle operation, are likely to be sources of the metal in the ambient aerosol. Huggins et al. (2000) speciated the metals in urban particulate matter and in NIST standard diesel particulate matter. After calcium, iron was the most abundant metal, followed by zinc. The metals may arise from fuels, from lubricating oil, or from engine components. It is clear that engines, especially those with high lubricating oil consumption or with a low-quality fuel such as bunker fuel, may be a major source of iron, zinc, vanadium, and nickel in the environment in the form of unintentionally manufactured nanoparticles.
The widespread emission of particulate matter by diesel engines has necessitated the implementation of diesel particulate filters (DPF). DPF require periodic regeneration, during which soot particles on the filter are burned off. Nanoparticles of ceria suspended in fuel have been used as a fuel-borne catalyst to lower the regeneration temperature of DPF for light-duty vehicles (Blanchard et al. 2003) , which have low exhaust temperatures compared to those of heavy-duty vehicles. Ceria particles associated with soot particles during diesel combustion result in enhanced soot oxidation (Jung et al. 2005) . However, there have been concerns about possible adverse health effects of exposure to ceria nanoparticles in the case of DPF failure or malfunction (HEI 2001) .
The most likely route of significant exposure to these materials, whether engineered or unintentionally manufactured, is through inhalation. A great deal has been learned over the past few years about the inhalation of ambient ultrafine particles and their translocation to other organs. Less is known about the fate and effects of engineered nanoparticles whose composition may be quite different from some of those that are found in the environment and have been released by mobile or stationary power sources. While it is known that the size of particles is important in determining the sites of their deposition and translocation through the human body, the interaction of particles with cells still raises significant questions, including issues of cell membrane-particle interactions and the role of surface charge and bioavailability, typically determined by the solubility of materials once they enter a cell. Of particular relevance to the present study, ultrafine particles have been shown to cross the pulmonary epithelial barrier into the bloodstream (Kreyling et al. 2002; Nemmar et al. 2002) , thereby possibly exposing the vascular endothelium, the monolayer of cells lining the inner surfaces of blood vessels, to particles. The amount that translocates may be quite small, as suggested by Wiebert et al. (2006) in a more recent experiment with radiolabeled carbonaceous particles that were 100 nm in diameter. This experiment took care to control for leaching of the technetium label from the particles. Only 1% or so of the delivered particles or their label were found to be translocated, leaving open the question of the importance to health of this small fraction. Despite this uncertainty, it is worthwhile to examine the response of varied cell types, including aortic endothelial cells, to nanoparticles.
In our earlier study of iron, zinc, and yttrium oxide nanoparticles, we (Gojova et al. 2007 ) exposed confluent monolayers of human aortic endothelial cells (HAECs) to various concentrations (1 ng/ml to 50 g/ml) of the oxide nanoparticles in cell culture media for a period of 1 to 8 h. New data obtained by dynamic light scattering have shown that the size of the iron particles, following dispersion by a probe sonicator, asymptoted to about 100 nm hydrodynamic diameter after a few hours in both deionized water and our cell growth medium, indicating reasonable recovery of the mean aerodynamic diameter of about 60 nm that we measured with an SMPS instrument. Sonication with a water bath resulted in an asymptotic size of about 200 to 300 nm in suspension in growth medium.
Following treatment with particles, samples of cells were fixed, sectioned, and examined by transmission electron microscopy (TEM). The results in Figure 1 indicate that the HAECs incorporated the particles of iron and ytrrium oxides with equal success. In both cases, the particles were found within well-defined vesicles in the cells. The Fe 2 O 3 particles incorporated in the cells maintained their original morphology with a faceted feature (Figure 2 ), while the Y 2 O 3 particles appeared to have undergone substantial "slaking," suggesting that they had dissolved to some extent.We also saw significant differences in the ability of these materials to induce inflammatory responses in the cells, as seen by mRNA and protein levels of specific markers including intercellular adhesion molecule-1 (ICAM-1), interleukin-8 (IL8), and monocyte chemoattreactant protein-1 (MCP-1). Ytrrium and zinc showed clear evidence of inflammation at concentrations of 10 g/ml or higher, while iron showed none, highlighting the importance of composition, bioavailability, and reactivity of the different metals.
The interiors of many intracellular vesicular structures are acidic. For instance, lysosomes present an environment with pH as low as 4.5 (Asokan and Cho 2002; Reijngoud 1978) . Endosomes are also acidic with pH as low as 5 (Helenius et al. 1983) . Phagosomes, the organelles involved in phagocytosis, are also acidic, with pH as low as 5 (Schlesinger 1994) . It is conceivable that when metal oxide nanoparticles are taken up by a cell and sequestered in vesicles such as lysosomes, endosomes, or phagosomes, dissolution of the nanoparticles may occur, depending on the metal oxide reactivity toward the acidic environment. An intriguing idea is that the intracellular dissolution of the metal oxide particles may induce local or global physiological effects. In the present article, we extend our earlier work on HAECs to include the impact of cerium oxide on cellular inflammation. We also argue that the observed inflammatory responses are consistent with a role for metal oxide dissolution.
Experiments

Ceria particle synthesis
Various techniques such as electrochemical (Garcia-Heras et al. 2004; Ha et al. 2006) , hydrothermal (Corradi et al. 2006; Zhang et al. 2006) , pyrolysis (Fu et al. 2005; Petrova et al. 2006) , and precipitation (Fu, Lin, and Hsu 2005) methods have been used to synthesize CeO 2 particles. Among these methods, the flame synthesis technique has advantages such as high production rates and versatility to make a wide range of particles from a few nanometers to a few hundred nanometers in size. For this study, we synthesized ceria ultrafine particles using the spray flame synthesis technique to extend our earlier work on iron, yttrium, and zinc oxide toxicity and to investigate the inflammatory potential of ceria particles in HAECs. A spray flame burner as shown in Figure 3 was used to synthesize ceria particles. The spray flame burner was placed in a chamber where there was minute upward flow from the small opening at the bottom of the chamber to the hood above. This helped to stabilize the flame and to prevent possible exposure to researchers during synthesis. Cerium(III) acetate hydrate (Aldrich, >99.9 %) was dissolved in deionized water to make 30 mM precursor solution. Liquid precursor was fed into the spray flame at 20 ml/h by a syringe pump. An atomizing gas of 2.0 lpm produced 10-to 20-m droplets as it passed through the small area annular gap as described in a previous study (Dosev et al. 2006) . In all experiments, 1.8 lpm of hydrogen flow was fed and entrained into the mixture of air droplet spray jet to form a hydrogen fueled spray flame. Either 2.0 lpm oxygen or 2.0 lpm nitrogen was used as a co-flow to vary the flame temperature slightly. A four-channel MKS 647C mass flow controller was used to control the gas flows. A cold finger was used to collect ceria particles using thermophoresis. Samples were washed using 100% ethanol and sonicated in a sonic bath for 30 min to break up loose aggregation made during sampling. The Brunauer, Emmett, and Teller (BET) gas absorption method was applied to examine the surface area of the sample. A sampling probe was positioned 8 cm above the tip of the flame for online size distribution measurement using a scanning mobility particle sizer (SMPS), consisting of a TSI 3081 differential mobility analyzer (DMA) and a condensation particles counter (CPC; TSI model 3010). Samples made under nitrogen co-flow condition were used for the inflammation study.
Cell culture and exposure to nanoparticles
Human aortic endothelial cells (HAECs) were incubated for 4 h with different concentrations (0.001-50 g/ml) of CeO 2 nanoparticles. We subsequently measured mRNA levels of the three inflammatory markers intercellular adhesion molecule 1 (ICAM-1), interleukin (IL)-8, and monocyte chemotactic protein (MCP-1) using quantitative real-time PCR. The details of the procedures can be found in Gojova et al. (2007) .
Results and discussion
Particle size distributions ( Figure 4) were compared for N 2 co-flow and O 2 co-flow flame conditions, which have different flame temperatures. The particle size distributions and peak diameters (35-40 nm) were very similar in both cases, as measured by SMPS. The XRD results in Figure 5 show broad peaks due to small crystallite sizes. The crystallite sizes were 3 and 6-7 nm for O 2 and N 2 co-flow cases, respectively. The domain sizes were affected by the flame temperature change, and they were much smaller than the mean diameter in the particle size distribution. The XRD results for two different flame temperatures indicated that more than 95% of the samples were CeO 2 . We could not find a signature for other cerium oxides such as CeO 3 at the detection limit of XRD. Surface areas determined by BET measurements were 18.5-20.7 m²/g. Assuming a bulk density of 7.2 g/cc for ceria particles and spherical shape, the equivalent diameter was ~44 nm, which is close to the mean diameter measured by SMPS. This suggests ceria particles might be bigger than the crystal domain size; in other words, we have synthesized polycrystalline ceria particles. We attempted to verify the in situ hydrodynamic particle diameter with dynamic light scattering (DLS) in water and in cell growth medium. We found that it was difficult to obtain reliable measurements with DLS due to two factors: a relatively small refractive index of ceria, and the small primary particle size. While measurements of iron oxide were possible at concentrations as low as 10 g ml −1 , we could not obtain measurements of the ceria particles at our working concentrations. Assuming Rayleigh scattering, it is possible to estimate that the combined reduction in refractive index relative to iron oxide, and a reduction in the mean particle diameter by a factor of 2, combine to reduce the light scattering power by about a factor of 100, leading to the observed difficulty in obtaining reliable DLS data for ceria in situ.
Incubation of HAECs with ceria particles produced modest mRNA upregulation of the inflammatory markers IL8 and MCP-1 (Figure 6 ). The mRNA increase relative to control was to some extent concentration dependent-the levels were slightly higher at particle concentrations of 50 µg/ml than at 10 µg/ml. More specifically, 10 µg/ml of ceria particles increased IL-8 mRNA levels by 1.4 ± 0.2 times and MCP-1 levels by 1.4 ± 0.4 times in comparison with control cells (p > .05); 50-µg/ml samples increased mRNA of the same markers by 1.8 ± 0.5 (p < .05) and 2.0 ± 0.6 times (p > .05), respectively. No increase was found at the lower concentrations, and there was no significant cell loss at any of the concentrations studied. These results place CeO 2 toward the Fe 2 O 3 end of our scale of oxide inflammatory potential.
Assuming that CeO 2 nanoparticles are taken up into HAECs' vesicular pathways in a manner similar to Fe 2 O 3 , Y 2 O 3 , and ZnO particles, it is worthwhile to consider possible effects of intracellular solubility. Dissolution of uptaken metal oxide nanoparticles can change the pH value in the cells' vacuoles, as well as cause an abnormally high concentration of the corresponding metal ions. We propose that the change in pH and electrolyte balance may then affect cellular function including activation of inflammatory pathways. Our earlier results (Gojova et al. 2007 ) on HAECs treated with Fe 2 O 3 , Y 2 O 3 and ZnO particles showed swelling of the vacuoles that is dependent on the type of metal and the dose of nanoparticles, as seen in Figure 1 . In the case of high-dose ZnO treatment, the swelling of the vacuoles is severe and may have contributed to the cell loss we oberved. Osmotically driven fluid flow across the membrane of the vacuole may be responsible for the observed swelling, but the detailed mechanisms remain to be elicidated. Compared to the Y 2 O 3 or ZnO particles, the Fe 2 O 3 particles caused much less swelling of the vesicles. This may have been a result of the different degrees of intracellular dissolution of the different types of particles as suggested by Figure 2 .
The reactivity of a metal oxide nanoparticle towards acid is dependent upon the metal, oxidation state of the metal, and polymorphism of the oxide. As a general rule, the higher the electronegativity of an element, the more acidic is its oxide. Electronegativity of the elements decreases from right to left across the periodic table and decreases down the column. Alkali metals and alkaline earth metals form oxides that react readily with acids; on the other hand, SiO 2 is generally viewed as an acidic oxide. The acidity of transition metal oxides is dependent on both the type of metal and the oxidation state of the metal. ZnO dissolves in both acids and bases (Gerischer and Sorg 1992) . Weak acids, such as acetic acid, act as proton donors and complexing agents to accelerate the dissolution. We have carried out some simple laboratory tests on a few metal oxide nanoparticles that have shown that the reactivity toward ascorbic acid (pH 4) and citric acid (pH 5.5) increases in the order of: -Fe 2 O 3 → cubic Y 2 O 3 → cubic Eu 2 O 3 → ZnO. Zinc oxide nanoparticles immediately neutralized both ascorbic acid (pH 4) and ascorbateacetate buffer solution (pH 5.5). On the other hand, -Fe 2 O 3 was unreactive.
The solubility of nanoparticles, both in water and in cell growth medium, is an important aspect of in vitro experiments. Clearly it is possible for particles to dissolve prior to engaging with cells. In fact, cells may interact with soluble components rather than with nanoparticles themselves, as Franklin (2007) has shown in the case of ZnO in water; the toxicity of the Zn to microalgae was found to be primarily due to dissolved zinc. Franklin (2007) measured the solubility of zinc oxide nanoparticles in water at pH 7.6 with dialysis. Franklin found that dissolution took place over a period of 10 to 40 h or more. This time scale is longer than our typical incubations with cells. Although Zn and Y may be soluble thermodynamically, the kinetics may not be favorable for significant dissolution at neutral pH over the time course of an experiment. At other pH levels, however, dissolution kinetics may be considerably different. This emphasizes the need for detailed assessment of particle dissolution rates within intracellular vesicles. Nanoparticles can interact with proteins that are in the cell growth medium and that are on cellular surfaces. In this case, the cell may not encounter a pure metal oxide surface but rather a surface that is surrounded by a protein corona as described by Lynch and Dawson (2008) . A considerable number of researchers have investigated this issue, often with a viewpoint toward drug delivery and therapeutics (Allen et al. 2006; Cedervall et al. 2007; Lynch and Dawson 2008) . Because we are dealing with metal oxide nanoparticles, as opposed to polymeric particles and other materials, we expect that the major interaction with the surface will be through electrostatic (or possibly additional hydrophobic) processes that lead to a physical adsorption. Table 1 provides a list of the pH at the point of zero charge for a variety of oxides. Based on this compilation, we expect that the iron, yttrium, zinc, and cerium oxides will be close to zero or positively charged at pH 7. Silica is exceptional, with a very low pH at its point of zero charge. The other notable positively charged oxides of technological interest are tin and zirconium oxides. Li et al. (2006) showed that the physical adsorption of proteins (in their case, bovine serum albumin [BSA] ) to the surfaces of flame-sprayed metal oxide nanoparticles is primarily through an electrostatic interaction. If this is true, then we would not expect significant differences in the interactions of the different forms of metal oxides that we have examined with proteins, possibly leading to similar uptake for the different oxides. Electron microscope images support this conjecture for the case of iron, ytrrium, and zinc oxides; TEM results were not obtained for cerium oxide.
Our previous BET data (Gojova et al. 2007 ) indicated that nanoparticle delivery to the HAECs correlated directly with particle concentration in the cell culture medium. Fe 2 O 3 nanoparticles failed to provoke an inflammatory response in HAECs at any of the concentrations tested; CeO 2 elicited a weak response, and Y 2 O 3 and ZnO nanoparticles elicited a pronounced inflammatory response above a threshold concentration of 10 g/ml. At the highest concentration, ZnO nanoparticles also led to considerable cell loss.
Although equilibrium calculations, such as MINTEQ, indicate solubility of the metal oxides, it is important to consider the rates of dissolution. If the rates of dissolution are small compared with the rate of uptake into cells, or with the time scale of incubation, then the particles are in effect insoluble. It is possible to estimate the rates of dissolution of several metal oxides of interest at pH typical of lysosomes from data available in the literature. The rate of dissolution of ZnO particles can be estimated from the measured rates that were reported by Gerischer and Sorg (1992) by assuming that the rate of mass dissolution is proportional to the particle surface area,
in which m is the mass of the particle, t is time, M is the molecular weight of ZnO (65 g mol ) reported by Gerischer and Sorg for a pH of about 5, and d is the particle diameter. With a particle density  of 5.6 g cm −3
, Eq. (1) can be integrated to yield the time for complete dissolution of a particle with initial diameter d 0 :
For an initial diameter of 100 nm, Eq. (2) estimates the total time for dissolution to be about 2 h; endocytosis can occur much more quickly, allowing cells to incorporate undissolved particles. The estimated time scale of dissolution of ZnO is consistent with the period of incubation that we have used in our studies, suggesting that it is possible for considerable phase change of ZnO to occur over the times that we have used in our work. We can consider a similar calculation of the dissolution rate of CeO 2 . Tamilmani et al. (2005) measured the reductive dissolution of 300-nm particles of CeO 2 in an ascorbic acid solution over a range of pH. The concentration of dissolved Ce was determined through ICPMS analysis. Analysis of their reported Ce concentrations as a function of time indicates that the dissolution rate of CeO 2 is approximately 4 × 10 −9 mol cm −2 h −1 at pH 6. Complete dissolution of a 100nm particle would take about 400 h, considerably longer than the ZnO particles. The rate of dissolution of iron oxide can be estimated from published data (Martin 2003) ; it is several orders of magnitude lower than the ceria dissolution rate at pH 5 to 6. Intact particles can be endocytosed within cells in time scales of the order of minutes. The estimated dissolution rates suggest that it is possible that once inside a cell, oxides like Zn can readily dissolve while iron oxide dissolution rates are so low that negligible amounts of iron are dissolved on the time scale of an incubation, i.e., a few hours. It is possible that a rapid dissolution process may overwhelm the intracellular buffering capacity in HAECs and may thus contribute to the observed inflammatory response. We submit that it may be useful to consider the impact of dissolution rates of basic or amphoteric oxides on cellular homeostasis.
Conclusions
Flame spray pyrolysis was able generate an aerosol of cerium oxide (CeO 2 ) with a median diameter of about 40 nm. Human aortic endothelial cells that were exposed to cerium oxide nanoparticles did not exhibit significant inflammatory response as measured by markers such as IL-8, ICAM-1, and MCP-1. This finding can be understood in terms of the rates of dissolution of metal oxides in acidic environments typical of lysosomes. Iron oxide is very insoluble under these conditions, whereas zinc oxide dissolves quite rapidly. Cerium oxide dissolves much slower than zinc oxide. A fast rate of dissolution may overwhelm the cells' natural regulatory mechanisms, triggering an inflammatory response.
